Direct subwavelength imaging and control of near-field localization in individual silver nanocubes Erik Mårsell, 1 Robin Svärd, 1 Miguel Miranda, 1 Chen Guo, 1 Anne Harth, 1 Eleonora
Lorek, 1 Johan Mauritsson, 1 Cord L. Arnold, 1 Hongxing Xu, 1, 2 Anne L'Huillier, 1 Anders Mikkelsen, 1 We demonstrate control of near-field localization within individual silver nanocubes through photoemission electron microscopy combined with broadband, few-cycle laser pulses. We find that the near-field is concentrated at the corners of the cubes, and that it can be efficiently localized to different individual corners depending on the polarization of the incoming light. The experimental results are confirmed by finitedifference time-domain simulations, which also provide an intuitive picture of polarization dependent near-field localization in nanocubes. The localization of optical near-fields in nanostructures holds great promise for many applications, including sensing 1 , nonlinear spectroscopy 2,3 , and optoelectronic device technology 4 .
Special attention has been focused on the active spatial and temporal control of localized fields induced by femtosecond laser pulses in metallic nanostructures 5, 6 . Such control may facilitate ultrafast optical excitation localized on a scale much smaller than the free-space wavelength, or serve as a basis for plasmonic devices 7, 8 . However, reaching optimum control of the nanolocalized near-fields requires both well-defined nanostructures and proper characterization methods.
In recent years, metal nanocubes have shown to be especially interesting nanoobjects due to their simple geometry and controlled synthesis in combination with broadband field enhancement, thus offering a playground to investigate various plasmon-related phenomena 3, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Single-crystalline nanocubes terminated by {100}-type facets can be rationally synthesized using a polyol process 21 . Cubes support a large number of surface plasmon modes with dipolar as well as multipolar character, which enables field enhancement across a wide spectral range 11, 13 . However, challenges remain in measuring the local near-field at a subwavelength scale. Previous experimental studies on metal nanocubes have measured various linear 10, 13 or nonlinear 3,16 optical properties with a spatial resolution limited by optical diffraction, or studied the surface plasmon modes with high resolution using fast electron based spectroscopies 14, 15, 19, 20 . Near-field imaging was also performed using indirect photochemical methods 17, 18 . These studies have concluded that the optical properties and the field enhancement of single nanocubes are strongly dependent on the orientation of the particles with respect to the incident laser polarization 3, [16] [17] [18] . However, neither of these methods provided a full and direct access to the optically induced near-field within single nanoparticles as a function of laser polarization, which requires both optical excitation and simultaneous spatially resolved detection. Such direct subwavelength imaging of the nearfield can be achieved by multiphoton photoemission electron microscopy (PEEM), which uses nonlinearly emitted photoelectrons to form an image of the enhanced near-field with sub-50 nm resolution. During the past decade, PEEM has been used to image localization and control of the near field in various metallic nanostructured samples [22] [23] [24] [25] . By further combining PEEM with broadband few-cycle laser pulses 26 , strong localized near-fields resulting from broadband field enhancement can be imaged. Such a combination provides a powerful characterization tool towards numerous plasmonic applications, ranging from In this work, we image the localized near-field in individual silver nanocubes using a photoemission electron microscope together with a broadband laser oscillator delivering few-cycle pulses. We find that the strongest near-fields are localized at the corners of the cubes. The enhanced near-field can further be switched to single corners by adjusting the polarization of the exciting light. The polarization concentrating the photoemission to a specific individual corner is found to be close to when the electric field vector is aligned with the body diagonal passing through that particular corner. The polarization-dependent photoemission distribution is reproduced using finite-difference time-domain (FDTD) simulations.
Silver nanocubes with a side length of about 250 nm were synthesized by a modified method simlar to what has been reported in the literature 28 . The details can be found in Lumerical. In the simulations, the dielectric function of Ag was fitted to literature data 31 and the nanocubes were lying on a fused silica substrate. The ITO layer was for simplicity not modeled. The corners of the cube were also kept sharp, as the radius of curvature of the cube corners has been shown to have minor qualitative effects on the optical response as long as it is much smaller than the side length 3, 16 . The pulsed plane wave excitation was set to have a bandwidth matching that of the experimental laser pulses.
In order to compare FDTD simulations with experiments, we first confirmed the expected 3-photon photoemission process by measuring the photoemission intensity as a function of incident laser power. For a 3-photon process, we assumed that the photoemission yield originating from a point r of the sample surface can be calculated as 23 
where E z is the component along the surface normal of the near-field linearly induced by the short pulse excitation. Only photoelectrons originating from the top face of the cube were considered in modeling the PEEM images, because any electrons emitted from the sides of the nanocube would effectively have a high starting angle and therefore be blocked by the low-pass filtering contrast aperture of the PEEM 32 . Using FDTD, we calculated the near field at the top face for both p-and s-polarized excitation (s-polarization means that the electric field is in the plane of the sample, as seen in the schematic of Fig. 1a ).
The electric field distribution was further calculated for an arbitrary polarization by making a linear combination of the simulated near-field induced by p-and s-polarized excitation, i.e. E ( r, t, θ) = E p ( r, t) cos θ − E s ( r, t) sin θ. In this expression, E p and E s are the local electric fields when the cube is excited by p-and s-polarized light, respectively, and θ is the polarization angle as defined in Fig. 1a . The corresponding photoemission yield was eventually convolved by a Gaussian filter to account for the finite resolution of the PEEM.
The simulated image intensity I for a polarization angle θ was thus calculated as:
where σ is the standard deviation of the Gaussian filter and was set to 25 nm in our case. 16 and experiments 17, 18 . For both cubes, the photoemission is concentrated at the corners farther away from the excitation source, similar to what has been observed in studies of other metal nanostructures and attributed to a retardation effect 33, 34 . As a result, the intensity can be selectively localized to three different corners (corners 1 through 3, as labelled in Fig. 1b ) for the rotated cube ( Fig. 2a-d ) and two different corners (corners 1 and 2, Fig. 1c ) for the cube aligned with the plane of incidence ( Fig. 2i-l) . For both cubes, photoemission from corners 1 and 2 is cancelled for a polarization close to p ( Fig. 2a,i) , however, the photoemission is seen to be simultaneously maximized for corner 3 for the rotated cube ( Fig. 2a ). On the contrary, the signal is evenly concentrated to both corners 1 and 2 for polarizations close to s (Fig. 2c,k) . For both cubes it is possible to achieve maximum intensity at corners 1 and 2 separately by using intermediate polarizations between s and p.
The photoemission can then be almost completely concentrated to one single corner within the experimental signal-to-noise ratio. Therefore, the on/off ratio between the photoemis- Fig. 1(b) , for different polarizations of the incoming light. (i-l) Experimental and (m-p) simulated multiphoton PEEM images of the nanocube shown in Fig. 1(c) for different polarizations.
All images are 500 × 500 nm 2 and the light is incident from the bottom. The polarizations are indicated with arrows depicting the electric field as seen in the direction of propagation (the angle θ as defined in Fig. 1a is increasing to the right). The green dashed lines represent the positions of the nanocubes in the images. sion yield from the two different corners is difficult to determine because of the minimum signal being comparable to the noise floor. However, we estimate a lower limit of 50 for the on/off ratio between the two different corners by integrating the photoemission signal from each corner separately. The simulated images, obtained from FDTD simulations followed by Eq. 1, are shown for comparison in Fig. 2e-h and Fig. 2m the plane of incidence, this optimum concentration is achieved theoretically for θ = π/4 (corner 2) and θ = 3π/4 (corner 1). We attribute this discrepancy to the cube in the exper-iment not being rotated by exactly 45 degrees, thus introducing some asymmetry. However, all features of the experimental images can be qualitatively reproduced in the simulations.
Contrary to previous works 3, [16] [17] [18] , the experiments were not performed at normal incidence. In addition, the nanocubes were larger than the typical sizes usually considered 3, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
In order to connect the observed near-field localization to the optical properties of the nanocubes, we therefore performed additional FDTD simulations, with the rotated cube (seen in Fig. 1b) as example. Fig. 3a shows field enhancement spectra calculated at the four corners after excitation by time harmonic excitations of varying frequencies, both for p (a) and s (b) polarizations. The spectral features are in general broad due to the large size enabling a high radiative damping. For p polarization, the highest field enhancements are achieved at corner 3, with two resonances falling within our laser spectral bandwidth (marked as a red shaded area). Note, however, that the field enhancement is always between 5 and 7 across the laser spectral range. For s polarization, field enhancement is only obtained at corners 1 and 2, with only one resonance occuring in the laser bandwidth. Fig. 3c -e show the surface charge distributions associated with each resonance, calculated for p-polarization Nevertheless, the two p resonances are both associated with surface charge distributions symmetric with respect to the plane of incidence, while the s resonance is associated with a surface charge distribution antisymmetric with respect to the plane of incidence.
The experimentally demonstrated control of the near-field localization can be further understood in an intuitive picture of linear combinations of field distributions excited by s-and p-polarized light. The rotated cube is again considered as an example, but the general principle holds regardless of orientation. Fig. 4a-b show the local electric field as a function of time at the corners 1 and 2 for excitation by s-and p-polarized light, as extracted from the FDTD simulations. In accordance with Fig. 3 , the fields at the two corners oscillate in phase for p polarization (green curves), and out of phase for s-polarization.
If the polarization is tuned to θ = 3π/4, the total near-field is E 3π/4 = 1/ pulses in a deterministic manner. The active control of near-field localization in nanoscale objects opens up for applications within areas such as sensing, spectroscopy, and plasmonic devices.
